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2. ABBREVIATIONS AND SYMBOLS 
ABBREVIATIONS 
2D  –  second-order peak of D-band 
AC  –  alternating current  
AFC  –  alkaline fuel cell  
BDD  –  boron doped diamond 
BET  –  Brunauer-Emmett-Teller 
B-MWCNT  –  bamboo multi walled carbon nanotube 
BPPG  –  basal plane pyrolytic graphite 
C(Mo2C)  –  carbon synthesized from Mo2C 
C(TiC)  –  carbon synthesized from TiC 
CDCs  –  carbide-derived carbons  
CV  –  cyclic voltammetry method 
CVs  –  cyclic voltammograms 
D   –  disordered-induced peak in Raman spectra 
DMFC  –  direct methanol fuel cell  
EDL  – electrical double layer  
EELS  –  electron energy loss spectroscopy  
EIS  – electrochemical impedance spectroscopy 
EPPG  –  edge plane pyrolytic graphite 
FC  –  fuel cell 
G   –  graphitic Raman peak 
GAI  –  generalized adsorption isotherm 
GC  –  glassy carbon 
GCDE  –  glassy carbon disk electrode 
H-MWCNT  –  hollow multi walled carbon nanotube 
HOPG  –  highly oriented pyrolytic graphite 
HRTEM  –  high resolution transmission electron microscopy 
MCFC  –  molten carbonate fuel cell 
MSE  –  Hg|Hg2SO4|K2SO4 (sat.) reference electrode  
NHE  –  normal hydrogen electrode 
NLDFT  –  non-local density functional theory 
OMC  –  ordered mesoporous carbon 
OPG  –  ordinary pyrolytic graphite 
ORR  –  oxygen electroreduction 
PAFC  –  phosphoric acid fuel cell  
PEMFC  –  polymer electrolyte membrane fuel cell  
RDE  –  rotating disk electrode 
RHE  –  reversible hydrogen electrode 
SAED  –  selected area electron diffraction  
SAPG  –  stress-annealed pyrolytic graphite 
SEM-EDX  –  scanning electron microscopy with energy-dispersive X-ray 
spectroscopy 
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SHE  –  standard hydrogen electrode 
SOFC  –  solid oxide fuel cell 
SWCNT  –  single walled carbon nanotube 
TEM  –  transmission electron microscopy  
XPS  –  X-ray photoelectron spectroscopy 
XRD  –  X-ray diffraction method 
XRF  –  X-ray fluorescence method 
 
ROMAN SYMBOLS 
A   –  flat cross-section (geometric) surface area of the electrode 
a   –  lattice parameter from XRD data 
ACS  –  molecular cross-section area of adsorbate  
   (0.162 nm2 for N2 at 77 K)  
b   –  slope of the Tafel plot 
c   –  constant in BET theory describing the adsorbent-adsorbate 
interactions 
  –  concentration of oxidized species in the bulk solution 
2bOc   –  concentration of O2 in the bulk solution  
   (1.3 × 10–6 mol cm–3 in 0.5 M H2SO4 at 25 °C)  
C   –  capacitance 
Cad  –  adsorption capacitance  
CCV  –  capacitance calculated from CV data 
Cd  –  differential capacity of double layer 
Cdl  –  double layer capacitance  
Cfar  –  faradaic capacitance  
Cp  –  parallel capacitance 
Cs   –  series capacitance 
C(λ)  –  wavelength dependent parameter  
   (C ≈ C0 + λC1, where C0 = –12.6 nm and C1 = 0.033) 
cf   –  O2 concentration in the Nafion® film 
d   –  Pt crystallite size calculated by Scherrer method  
   (Pt(220) reflection) from XRD data  
Df   –  O2 diffusion coefficient in the Nafion® film  
DO  –  diffusion coefficient of substance О 
  –  diffusion coefficient for O2 
   (1.8 × 10–5 cm2 s–1 in 0.5 M H2SO4 at 25 °C) 
E(t)  –  AC voltage as a function of time 
E0   –  amplitude of the sinusoidal voltage 
E   –  potential 
E½  –  half-wave potential 
ECA  –  electrochemically active surface area  
Eeq  –  equilibrium potential 
Eᶱ´  –  formal potential 
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Eox  –  peak potential of oxidation reaction 
Ep   –  peak potential 
Ered –  peak potential of reduction reaction 
f   –  AC frequency 
F   –  Faraday constant (96490 C mol–1) 
f   – number of disk revolutions per second 
f(W)  –  pore size distribution function 
ID   – heights or integrated intensity of the D-peak  
IG   –  heights or integrated intensity of the G-peak 
I   –  current 
I(t)  –  AC current as a function of time 
I0   –  amplitude of the sinusoidal current 
IC   –  capacitive current 
If   –  faradic current 
Ip   –  peak current 
j   –  current density 
jc   –  ORR current densities corrected for Ar-saturated electrolyte 
data 
jcat  –  cathodic current density 
jD   –  diffusion step limited charge transfer current density 
jf   –  current density in the Nafion® film 
jK   –  kinetic current density 
K   –  constant in the Scherrer equation (K = 0.93) 
k0   –  rate constant 
khet  –  electrochemical rate constant for ORR 
L   –  linear dimension of particle 
La   –  in-plane correlation length 
Lf   –  Nafion® film thickness 
m   –  mass of adsorbent 
M   –  molar mass of adsorbate  
n   – number of electrons transferred per electroreduction of one O2 
molecule 
n*  –  total number of electrons transferred 
N(P/P0)  –  experimental adsorption isotherm 
N(P/P0, W)  –  kernel of the theoretical isotherms in the pores with different 
widths 
n´   –  number of electrons transferred in rate determining step 
NA  –  Avogadro constant (6.023·10
23 molecules per mole) 
O   –  oxidized species 
P   –  pressure 
P/P0  –  relative pressure 
Qcal  –  calculated charge required for hydrogen adsorption from the Pt 
surface 
QPt-poly  –  polycrystalline Pt surface (210 μC cm–2) 
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R   –  ideal gas constant (8.314 J mol–1 K–1) 
R   –  reduced species 
RP  –  parallel resistance 
RS  –  series resistance 
SBET  –  specific surface area 
Sext  –  external surface area 
Smeso  –  mesoporous area 
Smicro  –  microporous area 
T   –  temperature 
tstat  –  statistical thickness of the adsorbed layer 
tsynt  –  synthesis temperatures  
v   –  kinematic viscosity of the solution  
   (0.01 cm2 s–1 in H2O at 20 °C) 
Vads  –  volume of adsorbate 
Vmeso  –  mesoporous volume 
Vmicro  –  microporous volume 
Vmolar  –  molar volume of adsorbate (34.7 cm3 mol–1 for N2 at 77 K)  
Vtot  –  total pore volume 
W   –  mass of gas adsorbed at relative pressure 
W   –  pore width 
Wm  –  mass of gas absorbed in monolayer 
Z   –  impedance 
|Z|  –  magnitude of impedance 
Z´  –  real part of the impedance 
Z´´  –  imaginary part of the impedance 
 
GREEK SYMBOLS 
αc  –  cathodic transfer coefficient 
θ  –  phase difference between the voltage and the current 
λ  –  X-rays wave-length 
χ/2  –  Bragg angle (θ = χ/2) 
ω  – angular velocity of rotation (ω=2πf) 





Fuel cell (FC) is an electrochemical device that converts chemical energy in 
fuels directly into electrical and heat energy with high efficiency and low 
emission of pollutants. Typical reactants for FC are hydrogen and oxygen. FC 
consists of an electrolyte layer in contact with an anode and a cathode on either 
side. Hydrogen oxidizes electrochemically at the anode and the oxygen electro-
reduction (ORR) occurs at the cathode. [1–4] The electrochemical reactions 
occur on the surface of the catalyst, which usually is platinum nanoparticles 
supported onto the porous carbon. To minimize the use of platinum in the 
catalyst layer and through that the cost of a FC, it is important to design a 
catalyst structure, which has small Pt-nanoparticles (4 nm or smaller) with large 
surface area finely dispersed at the porous surface of the catalyst support 
(1.0…4.0 mg Pt cm–2).   
 Various carbon materials, e.g. carbon black, carbon nanotubes, pyrolytic and 
highly orientated pyrolytic graphite, boron-doped diamond, etc. have been 
studied to improve the performance of ORR. Influence of the porous carbon 
support on the ORR kinetics has been extensively studied, but there are only 
very little data discussing the ORR at microporous-mesoporous carbon 
materials with exact pore size distribution and well-defined hierarchical 
structure. The porous carbide-derived carbons (CDCs) have tuneable specific 
surface area, micro- and mesoporosity, good electrical conductivity and 
corrosion stability at the positive electrode potentials, which are perfect 
properties for a catalyst support material. Typical support material for FC is 
Vulcan® XC72 (produced by Cabot), which has low specific surface area, SBET, 
240 m2g–1 and moderate mesoporous volume, Vmeso, 90 m
2g–1 [5]. The CDCs 








 values, being 
probably very promising support material.  
 For this work the CDCs were prepared from Mo2C (noted as C(Mo2C)) at six 
different fixed chlorination temperatures from 600 °C to 1000 °C and the main 
aim of this work was to study the influence of the micro- and mesoporosity, 
pore size distribution and crystallinity (amount of amorphous and graphitic 
layers) of different pristine C(Mo2C) and Pt-nanoclusters activated composite 
Pt-C(Mo2C) and Pt-Ru alloy nanoclusters activated Pt-Ru-C(Mo2C) electrode 
materials on the ORR kinetics in 0.5 M H2SO4 solution at 22 ± 1°C.  
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4. LITERATURE OVERVIEW 
4.1 Fuel Cells 
Fuel cells are electrochemical devices that convert chemical energy storaged in 
fuels into electrical and heat energy with high efficiency and low environmental 
impact. The intermediate step of producing mechanical work, typical of most 
conventional power generation methods, is avoided, and thus, FCs are not 
limited by the thermodynamic limitations of the heat engines such as the Carnot 
cycle efficiency. FCs generate electricity in single step without involving any 
moving parts and with minimal generation of pollutants [1–4]. Typical reactants 
for FCs are hydrogen and oxygen, neither has to be in its pure form. Hydrogen 
may be present either in a mixture with other gases (CO2, N2 and CO) or as the 
gaseous hydrocarbons (e.g. CH4) or in liquid hydrocarbons (e.g. CH3OH, 
CH2OH5, etc.). Ambient air contains enough oxygen to be used in FCs. 
However, FCs generates by-products − heat and pure water (if H2 is used as 
fuel) [1], applicable for modern technological systems. 
 The first observation of a FC was made by C.F. Schönbein in 1838 and 
based on this work the first FC was demonstrated by Sir W. Grove in 1839. In 
1842, Grove developed the first primitive FC, which produced electrical energy 
by combining hydrogen and oxygen. Since 1896, W.F. Ostwald provided many 
theoretical understandings of how FC operates. He realized that energy 
conversion in combustion engines is limited by the Carnot cycle efficiency and 
FCs are highly efficient, silent devices and generate no pollution if H2 is used as 
fuel. Thus, F.T. Bacon started working on practical FC in 1932 and completed 
construction and evaluation of a 5 kW FC stack in 1952. It took more than 100 
years from Grove´s invention of the FC to make a practical effectively working 
device.  
 The first practical FC applications were initiated by the development of the 
U.S. space program. General Electric developed the first polymer membrane 
fuel cell (PEMFC), which was used in the Gemini Program in the early 1960s. 
They continued to use the FCs in space to generate electricity for life support, 
guidance, and communications. First FC-powered van came in the mid-1960s; 
first PEMFC-powered submarine in 1989; first FC-powered bus and first 
passenger car running on PEMFC in 1993.[1] 
 The basic physical structure of a FC is simple and it consists of an 
electrolyte layer in contact with an anode and a cathode electrodes on either 
side. In a typical FC, fuel is fed continuously to the anode (positively polarized 
electrode) and an oxidant (oxygen, air) is fed continuously to the cathode 
(negatively polarized electrode). The electrochemical reactions occur at the 
electrodes to produce an electric current through the external circuit, while 
driving a complementary electric current that performs work on the load. Thus, 
in principle, FC produces power as long as fuel and oxygen are supplied[2].  
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 FCs can be classified according to the choice of electrolyte and fuel used, 
which in turn determines the electrode reaction occurring on an anode and the 
type of ions that carry the current across the electrolyte, and includes alkaline 
FC (AFC), polymer electrolyte membrane or proton exchange membrane FC 
(PEMFC), phosphoric acid FC (PAFC), molten carbonate FC (MCFC) and solid 
oxide FC (SOFC) [1–3]. The operating temperature and long lasting durability 
of a FC dictate the physicochemical and thermo mechanical properties of 
materials used in the FC components, i.e. electrodes, electrolyte, interconnects, 
current collectors, etc.. PEMFCs are limited to temperature of about 80–90 °C 
and AFC and PAFC are working up to 220 °C [2]. The Fig. 1 provides an 
overview of the basic principles and electrochemical reactions in the main FCs 
types.   
 
Figure 1. Types of fuel cells, their reactions, and operating temperatures [1].  
 
In a common PEMFC, the electrolyte is a thin (<50 μm) proton conductive 
polymer (Nafion® – fluorinated sulfonic acid or other similar polymer) 
membrane. Typically, the catalyst layer consists of platinum particles supported 
on porous carbon. A schematic diagram of cell configuration and basic 
operating principles are shown in Fig. 2. The only liquid in the PEMFC is water 
and the corrosion problem is minimal. However, in the operating system, it is 
very important to keep the membrane hydrated, so it should be controlled that 
the by-product water does not evaporate faster than it is produced. The 
operating temperature is usually between 60 and 80 °C, allowing for faster 
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startup compared with other FCs. In a PEMFC the suitable fuel is pure 
hydrogen, which assumes conversion of fuels such as natural gas or other 
hydrocarbons. An implementation of the PEMFC enables the direct use of 
methanol without a fuel reform. Direct methanol FC (DMFC) use as oxidation 
catalyst the Pt-Ru alloy supported on the porous carbons. During some decades, 
the main focus of development of PEMFC has been on the small-scale 
distributed stationary power generation, but now the focus has been shifted on 
automotive and portable applications. [1–3]  
 
Figure 2. The basic principle of operation of PEMFC [1]. 
 
The main advantages of a PEMFC are: high fuel conversion efficiency  
(34–36%), low or zero emission of residuals (if H2 is used as a fuel), rapid start-
up, capable for generation of high current and power densities (2 kW dm–3 and 
2 W cm–2), long life, no moving parts and therefore quiet operation. Although, 
there are many significant future challenges in PEMFC design and development 
such as thermal and water management and sensitivity to poisoning by CO, 
sulphur containing components/species, as well as with NH3. Those 
disadvantages decrease the operating current density and for the compensation 
of the lost current density additional electrode catalyst loading is inevitable, 
however, increasing the cost of the PEMFC system. Finally, to cross the barrier 






4.2 Oxygen electroreduction reaction 
4.2.1 The general scheme of oxygen electroreduction 
The mechanism and kinetics of the cathodic ORR are functions of many 
experimental parameters, including the chemical composition of the cathode, 
electrolyte and its pH, and most importantly the electrode potential. Proposed 
hypothetical reaction pathways, rather than detailed reaction mechanisms, are 
based on data obtained by a rotating disk and ring-disk methods that enables the 
quantitative determination of some reaction intermediates. ORR is a multi-
electron transfer reaction, which reaction mechanisms consist of several 
elementary steps involving various serial and/or parallel pathways. The ORR in 
aqueous solutions may proceed by two overall pathways: a ´direct´ four-
electron electroreduction to H2O or a ‘peroxide’ pathway, which involves 
formation of H2O2 as the stable intermediate product. In acidic solution: 






 → 2H2O  E0 = 1.229 V vs. normal 
hydrogen electrode (NHE), 
 






 → H2O2    E0 = 0.67 V vs. NHE, 
 






 → 2H2O    E0 = 1.77 V vs. NHE, 
 
or by the decomposition of peroxide as:  
 
H2O2 → 2H2O + O2 [6–9]. 
 
The ‘direct’ four-electron pathway includes a number of steps in which O2 is 
reduced to OH– and finally to H2O. The reduction steps may include an 
absorbed peroxide intermediates, which are not present in solution phase. In the 
case of the peroxide pathway the peroxide species are probably located in the 
solution [7]. Thus, the cathode surface must be at the same time a good electron 
transfer catalyst and also a good peroxide decomposing catalyst. The first 
pathway appears to be predominate on noble-metal electrocatalyst, e.g. on Pt, 





4.2.2 Oxygen electroreduction on carbon electrodes 
Recent studies have revealed that the physical properties of the carbon support 
influence the electrochemical performance, durability and efficiency of the FC. 
In the reviews by Antolini [10] and Sharma and Pollet [11], it was emphasized 
that an ideal support should have the high surface area, versatility in porosity, 
good electrical conductivity, good mechanical and electrical catalyst-support 
interaction, good corrosion resistance and most importantly – low cost. It has 
been reported [10,11] that carbon materials with high surface area and good 
crystallinity can provide a high dispersion of Pt-nanoparticles and facilitate the 
electron transfer step. Many authors [12–15] have concluded that the activity of 
a catalyst increases as the ‘effective’ reaction surface area of the catalyst 
increases. Thus, the catalyst particles should be reduced in the diameter to 
increase the effective electrochemically surface area. However, it has to be 
taken into account that sometimes the specific activity of the metal 
nanoparticles can decrease with the decrease of the particle size (known as the 
particle-size effect) [12–14,16]. Therefore, the catalysts are supported on high 
surface area substrates. Carbon supports should have a high percentage of 
mesopores in the 20–40 nm region to provide the accessibility of the reactants 
(e.g. monomeric units of the Nafion® ionomer) to the catalytic site and also the 
quick removal of the products.  
 Various carbon supports (carbon black, pyrolytic graphite, amorphous 
carbon, single walled and multi walled carbon nanotubes, carbon nanofibers, 
etc.) have been used during long-lasting catalyst support optimization studies. 
Yeager et al. [17] found that the ORR rate on the stress-annealed pyrolytic 
graphite (SAPG) in alkaline solution is much lower than on ordinary pyrolytic 
graphite (OPG). SAPG is a highly ordered form of graphite, and its basal plane 
approaches to the atom arrangement of the basal plane of graphite. The ORR on 
graphite electrodes arises from an interaction of O2 with functional (quinone, 
phenol, etc.) groups existing on the carbon surface. It is assumed that the 
quinone groups are mainly responsible for the ORR on carbon surface [18] and 
modification of the basal plane with different quinones increases the activity of 
ORR [17]. Gara and Compton [19] preformed the ORR measurements in 
0.1 M H2SO4 solution on a variety of carbon substrates: glassy carbon (GC), 
edge plane pyrolytic graphite (EPPG), basal plane pyrolytic graphite (BPPG) 
and boron doped diamond (BDD), and single walled (SWCNT), bamboo multi 
walled (B-MWCNT) and hollow multi walled (H-MWCNT) carbon nanotube 
modified BPPG. They concluded that the substrates with a large number of edge 
plane sites have a higher activity towards ORR and therefore a higher tendency 
to produce H2O2 if used as a catalyst support in a PEMFC. Thus, it is favourable 
to decrease the number of edge plane sites in carbon catalyst supports for 
PEMFC applications in order to increase ORR efficiency and reduce the 
membrane degradation from H2O2 attack [19].  
 There are only limited data regarding the ORR at the well-defined carbide-
derived carbons. In the work of Schlange et al. [20] the TiC derived carbon, 
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noted as C(TiC), was used as catalyst support for DMFC application. The study 
showed that C(TiC) supported noble metal catalysts show 18% better 
performance during fuel cell application than a commercial catalyst, even 
without optimization of the catalyst and support parameters for ORR. They 
suggested that this improvement can be related to a higher surface area of 
C(TiC), the good catalysts dispersion, the smaller Pt particles sizes compared to 
that for commercial catalyst and the more graphitic ordering of C(TiC) reducing 
the electrical resistance of the electrode layers. 
 CDC and some ordered mesoporous carbon (OMC) have comparable 
properties, e.g. controllable pore size, high surface area (up to 1800 m2 g–1) and 
very large pore volume and high conductivity [21–23]. Additionally, OMCs 
enables efficient diffusion of hydrogen to the active sites. Moreover, OMC have 
some surface oxygen groups which are considered to improve the interaction 
between the metal catalyst and the carbon support allowing better dispersion of 
the catalyst particles [11,24].  
 Based on the comparison of different carbon materials it may be concluded 
that the best replacement for commercial carbon black can be OMC and carbon 
gels. In the same conditions those materials allow high dispersion of metal 
particles and good reactant flux, showed higher catalytic activity and thermal 
stability[11,24]. 
 
4.2.3 Oxygen electroreduction on platinum electrodes  
The kinetics of ORR has been thoroughly studied on platinum electrodes in 
acidic solutions [16,25]. Platinum appears to be the most active noble metal for 
ORR [7].  
 Marković and co-workers demonstrated a noticeable dependence of the ORR 
activity on the crystallographic orientation of the platinum electrode surface in 
0.1 M HClO4 solution. The activity for ORR discerned from the half-wave 
potential values decreases in the order: Pt(110) > Pt(111) > Pt(100). The 
reaction proceeds on all well-ordered low index planes with exchange of four 
electrons per O2 molecule. Tafel slopes of −120 mV per decade at high current 
densities and −60 mV per decade at low current densities were found for all 
three low-index Pt planes at room temperature. Oxygen-containing species 
chemisorbed on platinum appear to be the cause of the change in the Tafel 
slope. [25]  
 Paulus et. al [26] demonstrated that the diffusion resistance of the thin 
Nafion® film used to fix the catalyst particles to the carbon substrate is 
negligible, i.e. the kinetic current densities can be determined directly from the 
measured currents without extensive mathematical modeling. The higher 
activities in PEMFCs and a clearly higher activity measured in their work on a 
thin film RDE in 0.5 M HClO4 point to a significant anion adsorption effect in 
0.5 M H2SO4 as well as to possible enhancing effects of the higher oxygen 
solubility in Nafion® electrolytes [26]. 
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 Similar study on the ORR on platinum doped CDC materials in 
0.1 M HClO4 solution was made by Kaskel et. al [27], who proved that the Pt-
CDC material is a promising alternative support material for fuel cell cathode 
catalysts. The observed Pt mass (12 wt.%) and specific activities, as well as the 
electrochemically active surface area (66 ± 4 m2 Pt g–1) are higher or 
comparable to those of commercial state-of-art Pt/carbon catalysts with 
conventional carbon black materials. The in situ incorporation of Pt 
nanoparticles into the carbon framework offer significant advantages for the 
long-term stability and corrosion resistance. 
 Corti et. al [28] investigated the correlation between catalytic activity and 
size of the platinum nanoparticles deposited onto the carbon black by different 
methods. The catalysts prepared by reduction with formic acid and ethylene 
glycol (microwave-assisted) show electrochemical activities very close to those 
of the commercial catalyst, and are almost insensitive to the Pt dispersion or Pt 
particle size. 
 
4.2.4 Oxygen electroreduction on platinum-ruthenium  
binary catalysts  
Studies in acidic solutions have revealed that physical properties (particle size 
and crystallinity) and chemical composition of Pt and Pt-based binary catalysts 
(Pt-Ru [29–31] and Pd-Ru [32] in 1.0 M H2SO4 solution) and Pt-Ru based 
transition metal ternary catalysts (Pt-Ru-Ni [33] and Pt-Ru-Co [34] in acidic 
solution), Pt based transition metal ternary catalysts (Pt-Co-Cr [35,36] in acidic 
media and Pt-V-Fe [37] and Pt-Co-Cu [35] (pH has not been discussed) and 
transition metal oxides (Pt-CoO-Cr2O3 [37]), deposited onto different carbon 
supports, can greatly influence ORR rate and fuel oxidation kinetics, and thus, 
the power and energy densities of PEMFCs [24,38,39]. Ternary catalysts 
demonstrate even higher electrochemical activity than Pt-based binary catalysts. 
Very important aspect of using the Pt-based transition metal binary [29–32] and 
ternary catalysts [35,36] is prevailing the ‘four electron’ pathway for ORR.  
 Several studies of ORR on polycrystalline (PC) Ru, monocrystalline 
Ru(hklf), Pt submonolayers on Ru, and Pt-Ru/C composite electrodes, 
conducted by Adžić et al., have shown considerable activity of these catalysts 
for ORR in alkaline [40] and acidic (mainly in 0.1 M HClO4) [41–43] solutions. 
ORR on a PC Ru in acidic solution has been found to proceed through a 
‘parallel’ mechanism with a series pathways being predominant and with the 
exchange of approximately four electrons. ORR rate shows strong dependence 
on the oxidation state of the Ru/RuOx surface [40]. In alkaline solutions ORR 
also proceeds through a ‘parallel’ mechanism, which kinetics strongly depend 
on the thickness of an oxide layer. The slopes of the Tafel plots higher than 
120 mV dec–1 have been observed because formation of Ru(OH)x takes place 
[41]. Additionally to 120 mV dec–1 slope, ill-defined larger Tafel slope values 
of 220–250 mV dec–1 were observed for Ru(0001) and Ru(10 ̅0) in 
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0.1 M HClO4 solution at potentials less positive than 0.75 V (vs. standard 
hydrogen electrode (SHE)) [41]. Even a slope of 400 mV dec–1 has been 
observed by Climent et al. [44] for ORR on a Pd monolayer deposited onto 
Pt(111), ascribed to the rate determining step involving molecular O2 
adsorption. The use of Ru as a substrate for Pt is attractive because it may cause 
a change in d-band electron vacancies [45,46] and d-band center positions [47] 
that can enhance the ORR kinetics [42].  
Carbon supported Se-modified Ru-Mo catalysts for ORR in acidic media have 
been synthesised and studied by Wieckowski et al. [48]. It was found that small 
additions of Mo into Se-Ru catalysts minimise the dissolution of the electrode 
in acidic media. The Se-Ru-Mo catalysts showed excellent O2 reduction 
activities even after cycling the cathode 1000 times between 0.7 and 0.9 V (vs. 
reversible H2 electrode (RHE)).  
 Pt-Ru-Mo-C ternary catalysts [49] for DMFCs have been studied in acidic 
media and it was found that all ternary Pt-Ru-Mo-C catalysts were more active 
toward CO and CH3OH oxidation than binary Pt-Ru [49] or Pt-Mo [10,50] 
catalysts. Favourable electronic effects have been suggested by density 
functional theory [51–53], which has shown that the CO adsorption energy is 
the lowest on a Pt monolayer deposited onto Ru, compared with Pt, Ru and 
mixed Pt-Ru surface layer on Pt. The proposed bi-functional mechanism [54] 
suggests that Ru sites provide an active surface for oxidative removal of 
adsorbed CO from the neighboring Pt sites. 
 Data for the Gibbs energy of formation of RuO2 enabled deriving a standard 
potential value of 0.43 V (vs. SHE) for the process  
 
  RuO2 + 4H
+ + 4ē  Ru + 2H2O,  (1)  
 
but this is not the stationary potential observed in acid media [55]. Under CV 
conditions applied, RuO2 is certainly not reduced back to the metallic state in 
the negative going potential sweep to 0.05 V. So, the process under discussion 
seems to be irrelevant to the experimental conditions [55,56]. A thermodynamic 
point of interest is the initial rest potential of ruthenium(IV) oxide in aqueous 
acidic medium, which can be interpreted in terms of the half-cell reaction (2)  
 
  2RuO2 + 2H
+ + 2ē = Ru2O3 + H2O,   (2)  
 
reported as 0.94 V (vs. RHE) [55]. Trasatti et al. [57] measured 
potentiostatically the quasi stationary potential setup at RuO2 films under small 
polarization. However, at the open circuit conditions, time dependent self-
discharge and recovery potentials are observed, which eventually approach to 
0.75 V in acidic solutions [58,59]. In the case of Ru/RuO2 electrode surface 
films, the process  
 
  RuO2 + H
+ + 4ē = Ru∙O∙OH,  (3)  
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may be a preferred representation for the singular rest potential [55]. For thicker 
RuO2 films, the following reaction scheme has been proposed [59] 
 
  RuOx(OH)4 + δH
+ + δē = RuOx–δOHy–δ, (4)  
attributed to the less accessible inner surface region of oxide that progressively 
becomes excluded as the redox reaction is driven to higher rates at large 
potential and scan rate. Similar effect can be proposed for Pt-Ru clusters, 
deposited inside of the microporous-mesoporous of C(Mo2C) support. 
 It should be noted that at Pt, Rh and Au, the thick oxide films (40 layers of 
oxide for Pt) can also be formed by potential cycling over a restricted potential 
range down to 0.7 V (vs. SHE), where the oxide remains only partially 
reduced [16,55,60–66]. However, such oxide films at Pt never exhibit reversible 
redox behaviour like RuO2 (or IrO2) upon potential cycling [55]. The thick 
oxide film on Pt electrode is also completely reduced to the metallic Pt (at the 
conditions of under potential deposition of hydrogen) in one negative going 
cycle [6–8,16,55,61–67]. For RuO2 (or IrO2) the key difference is that probably 
once the thick oxide layer is formed, it never reduces back to the bulk metal in a 
cathodic half cycle, so that a lower oxidation state oxide film remains on the Ru 
surface down to (and through) the H+/H2 reversible potential. 
 
 
4.3 Carbide-derived carbons 
Carbon produced by extraction of metal cations or non-metal cations from 
binary carbides is called carbide-derived carbon (CDC). Leaching in 
supercritical water, high-temperature treatment in halogens, vacuum 
decomposition, and other methods can be used to remove the metal or non-
metal cations from different carbides, producing microporous-mesoporous 
carbon [68]. Selective etching of carbides offers unique control over carbon 
microstructure, thus synthesis of materials with narrow pore-size distribution, 
variable pore diameters and shape, and surface termination, and allowing 
optimization of material properties for improved performance in advanced 
applications. In the synthesis process, the carbide lattice is used as a template 
and cations are extracted layer-by-layer, so the control can be achieved at the 
atomic-level. Thus, the structure of the carbide is template for the carbon 
structure formed, with an opportunity for further modification by selection of 
the precursor carbide, synthesis temperature and the conditions of the synthesis 
environment. Uniform, relatively small pores (so-called micropores) formed 
during chlorination at lower temperatures have been associated with the 
amorphous structure of the CDCs, while less uniform and generally larger pores 
(mesopores) formed at higher synthesis temperatures have been linked to the 
graphitic ribbon network structure. In addition, CDC synthesis allows formation 
of highly porous carbon materials with good and tunable mechanical 
properties.[68–71]  
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4.4 Methods for physical characterization of materials 
4.4.1 Porosity characterization  
In this work, the low temperature (77 K) nitrogen sorption method was used for 
the study of the porosity of the carbon materials. From the evaluation of the 
adsorption isotherm we can reveal information about pore size, volume and 
specific surface area of the materials under study. 
 
4.4.1.1 Interpretation and classification of adsorption isotherms 
The shape of the isotherm depends on the type of the adsorbent and/or adsorbate 
and on the strength of the intermolecular interactions between the gas and the 
surface of the sample. According to IUPAC classification the adsorption 
isotherms can be divided into six classes (Fig. 3).  
  
 
Figure 3. Main types of gas physisorption isotherms (IUPAC, 1985) [72]. 
 
Type I isotherm can be described by Langmuir adsorption equation. The main 
feature of reversible Type I isotherm is the long and horizontal plateau being 
characteristic for totally microporous adsorbent. Mircopore filling may occur in 
pores of molecular dimensions or pores with relatively small amount of 
multilayer adsorption. Type II and III isotherms describe adsorption in 
macroporous adsorbents with strong and weak adsorbate-absorbent interaction, 
respectively. Type II isotherm is typical for adsorption in mesoporous material 
and demonstrates no remarkable hysteresis. Type III isotherm occurs in systems 
where the adsorbate-sorbent interaction is small compared to the adsorbate-
adsorbate interaction, thus, it is characteristic for the strongly associated 
molecules. Types IV and V characterize mesoporous absorbent with strong and 
25 
weak affinities, respectively. Furthermore, Types IV and V represent adsorption 
isotherms with hysteresis loop (Fig. 4). The hysteresis loop is associated with 
the filling (and emptying) of the mesopores by the capillary condensation effect 
[73]. Type IV isotherm describes the adsorption behaviour of special 
mesoporous materials showing pore condensation effect together with 
hysteresis behaviour between the adsorption and the desorption branch. The 
type V isotherm is very similar to Type III with weak adsorbent-adsorbate inter-
action. The Type VI isotherm, or stepped isotherm, is associated with layer-by-
layer adsorption on a highly uniform surface [72,74,75]. 
 Hysteresis loop, which appears in the multilayer range of physisorption 
isotherm, is generally associated with the capillary condensation effect. 
According to the laws of classical thermodynamics, the amount of adsorbed gas 
is controlled by the chemical potential of the adsorbent. It follows that the two 
branches of a loop cannot both satisfy the requirement of thermodynamic 
reversible adsorption/desorption process. The appearance of reproducible and 
stable hysteresis loop in the isotherm therefore implies the existence of certain 
well-defined metastable states. The four main types of hysteresis loops are 
illustrated in Fig. 4.  
 
 




Type H1 hysteresis loop is a fairly narrow loop with very steep and nearly 
parallel adsorption and desorption branches and it is characteristic for materials 
with a narrow distribution of the uniform pores. Type H2 hysteresis loop is 
broad with a long and almost a flat plateau at high relative pressure and with a 
steep desorption branch indicating that the pore structure is complex and tend to 
be made up of interconnected networks of pores of different sizes and shapes. 
Types H3 and H4 hysteresis loops do not terminate in a plateau at high relative 
pressure and the limiting desorption boundary curve is therefore more difficult 
to establish. Type H3 loop is usually generated by the aggregates of platy 
particles or adsorbents containing slit-shaped pores. Type H4 is also 
characteristic of slit-shaped pores, as in many activated carbons, but in this case 
the pore size distribution is mainly in the micopore range [73]. 
 
4.4.1.2 Brunauer-Emmett-Teller theory 
The Brunauer-Emmett-Teller (BET) theory [75,77–79] is the most popular 
method to determine the specific surface area of powders and porous materials. 



























where W is the mass of gas adsorbed at relative pressure P/P0, Wm is the mass 
of gas absorbed in monolayer and c is the constant in BET theory describing the 
adsorbent-adsorbate interactions. Thus, the BET plot in coordinates 
1/{W[(P/P0)–1]}, P/P0 should be a linear line (P/P0 range from 0.05 to 0.35) 














intercept  .  (7) 
 



















 ,  (9) 
 
where NA is the Avogadro constant (6.023∙10
23 molecules per mole), ACS is the 
molecular cross-section area of adsorbate (0.162 nm2 for N2 at 77 K[75,78]), M 
is the molar mass of adsorbate and m is the mass of adsorbent. 
 
4.4.1.3 Total pore volume 
The total pore volume, Vtot, is defined as the liquid volume absorbed at certain 
relative pressure, when the sorption isotherm exhibits a distinct plateau. In this 
case, it is assumed that all pores are filled with liquid adsorbate and thus, the 
density of the adsorbate is equal to the density of the liquid bulk at saturation 
pressure.[80] Thus, Vtot can be calculated from the amount of adsorbed nitrogen, 





V molaradstot  , (10) 
 
where Vmolar is the molar volume of adsorbate (34.7 cm
3 mol–1 for N2 at 77 K) 
and R is the ideal gas constant (8.314 J mol–1 K–1).  
 
4.4.1.4 The t-plot method  
The t-plot method [75,78,81,82] is used for determination of the volume of 
micropores, Vmicro, and external surface area, Sext, and for detecting the presence 
of mesopores in carbon materials. The experimental isotherm is transformed 
into t-plot, where the adsorbed gas volume, Vads, is plotted against the statistical 
thickness of the adsorbed layer, tstat. There are many methods to determine tstat, 
but in present work the Harkins-Jura approximation is used: 
 









 . (11) 
 
The Sext can be calculated from the slope of the linear high-pressure area of the 
t-plot and the intercept extrapolated to the volume axis will provide the Vmicro. 
The surface area of micropores, Smicro, can be found from the difference of total 
surface area and meso-and macropore area: 
 
  Smicro = SBET – Sext.  (12) 
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4.4.1.5 Non-local density functional theory 
Non-local density functional theory (NLDFT) [78,83] is used to describe the 
pore size distribution in both micro- and mesopore range of materials with 
hierarchical porous structure. NLDFT describes objectively the local structure 
of liquid condensed compound at the solid curved surfaces. The shape of 
adsorption isotherm for the model porous surface is determined by the liquid-
liquid and liquid-solid interactions. Calculation of the pore size distribution is 
based on a solution of the generalized adsorption isotherm (GAI) equation, 
which correlates the kernel of theoretical adsorption/desorption isotherms with 
the experimental sorption isotherm: 
 




























   (13) 
 
where N(P/P0) is the experimental adsorption isotherm, W is the pore width, 
N(P/P0, W) is the kernel of theoretical isotherms in pores of different widths and 
f(W) is the pore size distribution function. The GAI equation assumes that the 
total isotherm consist of isotherms of single pores which are multiplied by their 
relative distribution, f(W), over a range of pore sizes [83]. 
 
4.4.2 X-ray diffraction method 
X-ray diffraction (XRD) method provides a convenient and practical mean for 
the qualitative identification of the structure of the crystalline compound. Thus, 
the X-ray powder diffraction method is the simplest analytical method that is 
capable of providing qualitative and quantitative information about the structure 
of compounds present in a solid sample. Information about the arrangement and 
the spacing of atoms in crystalline materials can be determined directly from 
XRD studies. XRD method is based upon the fact that XRD pattern is unique 
for each crystalline substance. Thus, if an exact match can be found between the 
reference pattern and the sample under study, the chemical and crystallographic 
identity can be assumed. [84,85]  
 Determination of the crystallite size is one of the most important applications 
in XRD powder method for materials characterization. To obtain the real 
crystallite size, the true mean shape of the crystallites must be known in order to 
derive and apply a correction to the column height of each crystallographic 
orientation (hkl). The Lorentzian band shape and the Gaussian error-distribution 
function are suitable for approximation of the band shape with a meaningful 
mathematical function. Based on the Scherrer equation, the half-value breadth B 
of the diffracted beam is proportional to the reciprocal of crystallite size. The 










B  ,  (14) 
 
where K is a constant (K = 0.93), λ is the X-rays wave-length, L is the linear 
dimension of particle and χ/2 is the Bragg angle (θ = χ/2) [86]. 
 
4.4.3 Raman scattering method 
Raman spectroscopy is a standard non-destructive analysis tool for 
characterization of the crystalline, nanocrystalline and amorphous materials. In 
Raman spectra recorded in the near-infrared and visible light regimes, carbon 
materials typically exhibit two broad bands, called as D (disordered induced) 
and G (graphitic) bands. In highly oriented pyrolytic graphite (HOPG) only a G-
peak appears in Raman spectra around 1580–1600 cm–1, while in disordered 
carbons, besides the G-peak, a D-peak appears at lower wavenumbers 
~1350 cm–1 [87,88]. The presence and position of D- and G-peaks, ratio of their 
intensities (ID/IG) and full width at half maximum (FWHM) can be used to 
extract structural information of the materials. The intensity ratio of D- and G-
peaks (ID/IG) is proportional to the in-plane correlation length. ID/IG is increasing 
with decay of the size of the perfect graphene layers, as the disorder is growing 










 , (15) 
 
where ID and IG are the heights or integrated intensities of the D-peak and G-
peak, respectively, La is the in-plane correlation length. The parameter C(λ) is 
wavelength dependent parameter and can be described by the following 
equation: C ≈ C0 + λC1, where the parameters C0 = –12.6 nm and C1 = 0.033 are 
valid within the wavelength region 400 nm < λ < 700 nm.[84,87,88] 
 However, fitting of the Raman spectra of amorphous carbon is not always 
straightforward as the D- and G-peaks normally are distorted and there is no 
particular function for Raman spectra fitting. The simplest fits are done by 
applying two Gaussian or two Lorentzian profiles. A Lorantzian fit is often used 






4.4.4 Transmission electron microscopy method 
Transmission electron microscopy (TEM) and high resolution transmission 
electron microscopy (HRTEM) are powerful imaging tools to study materials at 
the nanometric and atomic resolution scale, respectively. These methods usually 
provide detailed geometric features and images, and are useful for examining 
what has happened on the subsurface, for instance, the indentation induced 
dislocations in a metal. TEM studies also yield information regarding the crystal 
structure, crystal quality and grain size. When operating in the diffraction mode, 
selected area electron diffraction (SAED) patterns can be used to determine the 
crystal structure of materials [85,89]. TEM method enables the fine-scale 
microstructure to the nanoscale applicable for the specimens sufficiently thin to 
facilitate transmission of a beam of electrons without a great loss of intensity. 
The maximum transmittable thickness depends upon the atomic number of the 
material, but typically this thickness lies in the range from 250 to 500 nm. 
However, the higher the applicable electron energy, the better the transmission 
through the specimen is and this has led to the construction of instruments with 
accelerating voltages in the range from 100 kV to 3 MV. In current generation 
instruments have accelerating voltages that lie in the range from 120 to 400 kV. 
For high-resolution images taken under controlled conditions, the periodicity of 
the fringes in the image corresponds with the spacing of crystal lattice planes in 
the specimen [85]. 
 Electron lenses that can focus the electrons and guide them into an electron 
spectrometer are already present in a transmission electron microscope, so 
electron energy loss spectroscopy (EELS) measurements are performed in it, 
taking advantage of its imaging and diffraction capabilities to identify the 
structure of the material being analysed. EELS is capable of measuring atomic 
composition, chemical bonding, valence and conduction band electronic 
properties, surface properties, and element-specific pair distance distribution 
functions [90]. EELS is perhaps the best method developed for the carbon 
materials and it is easy to determine the differences among graphite, diamond or 




4.5 Methods for electrochemical characterization 
4.5.1 Cyclic voltammetry method 
Cyclic voltammetry (CV) is frequently used electrochemical technique because 
it offers a wealth of experimental information and insights into both the kinetic 
and thermodynamic details of many chemical systems. Based on the analysis of 
the shape of the voltammogram, the rate of the heterogeneous electron transfer 
or homogeneous chemical process accompanying electrochemical charge 
transfer step could be determined based simply on the measurement of peak 
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potential, EP, and peak current, IP, data as a function of electrode potential scan 
rate, v.[91–93] In CV method the electrode potential is changed from the initial 
potential to the final potential and then inverted back to the initial potential. The 
faradic current, If, due to the electrode reaction, is registered in the relevant zone 
of applied potential, where the electrode reaction occurs. However, there is also 
a capacitive contribution as on sweeping the electrode potential, the double 
layer charge density changes and therefore capacitive contribution increases 
with increasing of the electrode potential scan rate. The total current, I, is: 
 
  fdfdfC I IvC
dt
dE
CIII  , (16) 
 
where IC is the capacitive current and Cd is the differential capacity of the 
double layer. Thus, Ic is proportional to v (    ) and If is proportional to 
square root of v (    
   ). Therefore, at very high potential scan rates the 
capacitive current must be subtracted from total current density in order to 
obtain the accurate values of rate constant for the electrochemical reaction.  
In case of an irreversible oxidation reaction of the type O + nē → R, no inverse 
peak appears in current density,-potential (j, E) curve on inversing the scan 
direction. With respect to reversible systems the current waves are shifted to 
more negative potentials and Ep depends on v. The peak current is given as: 
 
             
         
    
   
   ,  (17) 
 
where n* is the total number of electrons transferred, n´ is the number of 
electrons transferred in rate determining step, αc is the transfer coefficient, DO is 
the diffusion coefficient,   
  is the concentration of substance О in the bulk 
solution and A is the flat cross-section (geometric) surface area of the electrode. 

































,  (18) 
 
where Eᶱ´ is the formal potential and k0 is the rate constant. For the irreversible 






4.5.2 Rotating disk electrode method 
The rotating disk electrode (RDE) method is one of the best methods to control 
the efficient mass transport condition and thus, the kinetic measurements can be 
made with higher precision. Moreover, at steady state, the double-layer charging 
current does not influence the current measured. The most important feature of 
the RDE method is that the rate of mass transport to the surface is uniform. The 
linear velocity of the selected point on the surface increases with the distance 
from the center of rotation. The other important property of RDE technique is 
that the flow rate of the solution around it is laminar up to rather higher rotation 
rates. Since the flow is laminar, it is possible to calculate the rate of mass 
transport applying by the theory developed by Levich:  
 
               
         
 ,  (19) 
 
where jD is the diffusion step limited charge transfer current density, n is the 
number of electrons transferred per electroreduction of one O2 molecule, F is the 




Oc  is the concentration of O2 in the bulk solution (1.3 × 10
–6 mol cm–3 at  
25 °C[39]), v is the kinematic viscosity of the solution (0.01 cm2 s–1), ω is the 
angular velocity of rotation, ω=2πf, where f is the number of revolutions of disk 
per second. Based on the Levich equation, the limiting current is a linear 
function of the reagent concentration, and thus, Eq. 19 can be used to determine 
the diffusion coefficient of reacting species in solution.  
In mixed kinetics control area, the Koutecky-Levich (K-L) equation can be 










 ,  (20) 
 
where jK is the kinetic current density, khet is the electrochemical rate constant 
for ORR and coefficient            
       
 . From the slope values of the 
linear K-L plot, the diffusion coefficient or the number of electrons transferred, 
and from the intercept the kinetic current densities can be determined 
[92,94,95]. 
The RDE data for supported catalyst with relatively thick catalyst layer can be 






























where jf is the current density in the Nafion
® film with thickness Lf, cf and Df 
are the O2 concentration and diffusion constant in the Nafion
® film, 
respectively. However, analysis made by Behm et al. [26,96] demonstrates that 
for thin Pt-carbon film electrodes the role of Nafion® layer is unimportant 
(because if jf is very high, then jf >> jk) and the classical K-L equation (Eq. 20) 
can be applied. 
Between the limiting current plateau of a voltammogram and the nearly 
linear region close to the equilibrium potential, Eeq, (j→0) there is a region of 
potential for irreversible reactions, where j depends exponentially on potential, 










 ,       (22) 
 
where jcat is the cathodic current density and αC is the cathodic transfer 
coefficient [92]. 
 
4.5.3 Electrochemical impedance spectroscopy method 
Electrochemical impedance spectroscopy (EIS) represents a powerful method 
for investigation of the electrical properties of materials and interfaces of 
conducting electrodes as well as the kinetics of complex electrochemical 
systems. [91,92,94] This non-steady-state measuring technique involves the 
application of a small sinusoidal currents or potential perturbation. Perturbation 
of the electrochemical system leads to a small shift of the steady state. The 
responses to the applied perturbation, which is generally sinusoidal, can differ 
in phase and amplitude from the applied signal. If a monochromatic alternating 
voltage E(t) = E0sin(ωt) is applied to an electrode, then the resulting current is 
I(t) = I0sin(ωt+θ), where θ is the phase difference between the voltage and the 
current and E0 and I0 are the amplitudes of the sinusoidal voltage and current, 
respectively. Then, by the Ohm’s law (I = E/R), the impedance (complex 








Z j   ,  (23) 
 
with   √  , where Z´ and Z´´ are the real and imaginary part of the 
impedance, respectively. Thus, the impedance of the real electrochemical 
system is a function of frequency. For the pure resistor, the phase shift is zero 
and for a pure capacitor it is –π/2 rad (–90°). For the real electrochemical 
interphase the phase value depends on the electrochemical processes taking 
place at the interface as well on the frequency applied.  
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For an equivalent circuit, where the resistance is connected in series with the 
capacitive element with capacitance, C, so called RC circuit, the following 
relations are valid: 
 





















 ,    (25) 
 
where RS and CS are the series resistance and series capacitance, respectively, 
and RP and CP are the parallel resistance and parallel capacitance, respectively, 
|Z| is the magnitude of impedance and f is the AC frequency. For the ideally 
polarizable interface the series and the parallel capacitances must be equivalent 
[93,94]. 
For the liquid electrochemical systems, the EIS experiments have been 
usually conducted in the range of frequencies from 10–3 to 105 Hz.   
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5. EXPERIMENTAL 
5.1 Synthesis of carbide-derived  
carbon powders from Mo2C 
The CDC powders were synthesized from Mo2C [70] according to the following 
simplified reaction scheme: Mo2C + 5Cl2 → C + 2 MoCl5. Mo2C powder (−325 
mesh, 99.5%, Sigma-Aldrich), loaded into a quartz vessel in a tube furnace, was 
reacted with Cl2 (99.999%, AGA) for 6 h at a flow rate of 50 ml min
–1 at 
different fixed synthesis temperatures, tsynt: 600, 750, 800, 850, 900 and 1000 °C 
[70]. The by-product MoCl5 was removed by the flow of excess Cl2. After 
chlorination the product (microporous-mesoporous C(Mo2C) carbon) noted  
as C(Mo2C)600 °C, C(Mo2C)750 °C, C(Mo2C)800 °C, C(Mo2C)850 °C, 
C(Mo2C)900 °C and C(Mo2C)1000 °C, was additionally treated with H2 for 2 h at 
800 °C in order to remove residual chlorine, chlorides, and oxygen-containing 
functional groups. During the heating and cooling steps the reactor was flushed 
with a stream of Ar (99.9999%, AGA). The tsynt were selected to prepare carbon 
materials with a wide variation of microporosity-mesoporosity characteristics, 
including SBET [70,97].  
 
 
5.2 Preparation of Pt-nanoclusters or Pt-Ru alloy 
nanoclusters activated catalysts  
The Pt-nanoparticles or the Pt-Ru alloy nanoparticles were deposited onto 
carbon support by sodium borohydride reduction method [38]. The required 
quantity of H2PtCl6×6H2O (99.9%, Alfa Aesar) was dissolved in Milli-Q
+ water 
(18.2 MΩ cm at 25 °C) to prepare a solution with Pt-salt concentration of 
1 mM [98,99]. For the Pt(50 at%)-Ru(50 at%) (at% – atomic %) binary alloy 
catalyst synthesis required quantities of H2PtCl6×6H2O and RuCl3×xH2O (both 
99.9%, Alfa Aesar) were dissolved in Milli-Q+ water and the solution was 
diluted to prepare a metal salts solution with a total metal cation concentration 
of 2 mM [5]. The prepared solution was stirred at room temperature (22±1 °C) 
for 1 h. The pH of the solution was adjusted to 8 through drop-wise addition of 
20 wt% solution of NaOH (99.99%, Sigma Aldrich). The required amount of 
carbon powder was added into the aqueous solution. Thereafter, the NaBH4 
(≥98.0%, Aldrich) solution was prepared by dissolving NaBH4 in Milli-Q
+ 
water, which was carefully added to the previously prepared suspension. The 
reaction mixture was stirred for 2 h and left to settle overnight. The  
catalyst (noted as Pt-C(Mo2C)600 °C, Pt-C(Mo2C)750 °C, Pt-C(Mo2C)800 °C,  
Pt-C(Mo2C)850 °C or Pt-C(Mo2C)1000 °C and Pt-Ru-C(Mo2C)600 °C or 
Pt Ru-C(Vulcan)) was filtered, rinsed thoroughly with Milli-Q+ water and dried at 
80 °C. The mass percent of Pt in the catalyst material synthesized was 70 wt% 
(14 at%) and the total Pt-Ru alloy loading was 20 wt% of the mass of C(Mo2C). 
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5.3 Methods for structural characterization  
of powders and electrodes 
XRD patterns for the studied materials were collected with a Bruker D8 
Advance diffractometer with Ni filtered CuKα radiation (0.6 mm wide parallel 
beam, two 2.5° Soller slits and LynxEye line detector). The scanning step for 2θ 
was 0.01° from 16° to 90° and the total counting time per step was 166 s. The 
X-ray tube was operated at 40 kV and 40 mA and the data were treated using 
Scherrer equation. 
 The porosity of the CDC powders was studied using the low temperature 
(−195.8 °C) nitrogen sorption method [100] (Micromeritics ASAP 2020). The 
NLDFT and the slit shape pore model were used for the pore size calculation. 
SBET was calculated using the BET multipoint theory [77] within the p/p0 range 
from 0.05 to 0.2. The values of Vtot (near saturation pressure) and Vmicro were 
calculated using t-plot method with Harkins and Jura thicknesses between 0.5 
and 0.9 nm [101].  
 For morphological studies, the materials were examined using HRTEM on a 
Tecnai 12 instrument, operated at a 120 kV accelerating voltage appling 
associated techniques, such as EELS, and SAED methods. EELS data for the 
carbon C-K edge were collected under magic-angle conditions and with 
collection angle of β ∼ 2.4 mrad (diffraction mode) in the energy range from 
280 to 340 eV. HRTEM specimens were prepared from ultrasonic dispersions 
of the corresponding samples in 1 ml ethanol, and one drop of each suspension 
was deposited onto a copper grid covered with a holey carbon film. 
 The X-ray photoelectron spectroscopy (XPS) [102–104] experiments were 
carried out with a SCIENTA SES-100 spectrometer using an unmonochromated 
MgKα X-ray source with power of 300 W. SES-100 system was calibrated using 
Au 4f photolines. The pressure in the analysis chamber varied from 2 × 10−10 to 
5 × 10−10 mbar.  
 The scanning electron microscopy with energy-dispersive X-ray spectros-
copy (SEM-EDX) data were obtained using Helios™ Nanolab 600. 
 
 
5.4 Electrode preparation  
A glassy carbon disk electrode (GCDE), pressed into a Teflon® holder, was 
used as the catalyst active layer support [5,98,99,105–108]. The GCDE was 
polished with a 0.05 μm alumina slurry (Buehler) to a mirror finish. After 
polishing, the GCDE was washed with Milli-Q+ water and sonicated in Milli-Q+ 
water for a few minutes. Catalyst ink was prepared by suspending the C(Mo2C), 
Pt-C(Mo2C) or Pt-Ru-C(Mo2C) powder in 20 wt% solution of isopropanol 
(Sigma-Aldrich, >99%) in Milli-Q+ water and agitated for 30 min in an 
ultrasonic bath to disperse the suspension homogeneously. Thereafter the 
Nafion® dispersion (Aldrich) was added (to achieve 5 wt% content of Nafion® 
ionomer in the final catalyst layer) and the mixture was sonicated and 
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mechanically mixed for 30 min to prepare a uniformly dispersed ink. All inks 
were deposited onto the GCDE and dried at 22 ± 1°C.  
 The flat cross-section (geometric) surface area of the electrode was 
0.196 cm2. The calculated thickness of Nafion® film was <0.1 μm. The catalyst 
loading on the GCDE for C(Mo2C) and Pt-C(Mo2C) electrodes was 
approximately 1.0 mg cm–2, including 0.7 mg cm–2 Pt in the form of deposited 
Pt-nanoclusters. For Pt-Ru-C(Mo2C) electrodes, the loading was 2 mg cm
–2 
(0.4 mg cm–2 Pt-Ru alloy per flat cross-section surface area). 
 
 
5.5 Electrochemical measurements  
All electrochemical measurements were performed in 0.5 M H2SO4 aqueous 
solution (Fluka, TraceSelect®Ultra) in a three electrode cell [5,98,99,105–108] 
using CV, RDE (Pine Instrumental Company) and EIE methods applying 
Autolab PGSTAT 302, Eco Chemie B.V. or Gamry Reference 600 systems. The 
counter electrode was a large area Pt wire mesh (SPt > 50 cm
2) separated from 
the working electrode compartment by a fritted glass membrane. The reference 
electrode was Hg|Hg2SO4|K2SO4 (sat.) electrode (MSE) connected to the cell 
through a Luggin capillary. All potentials were recalculated into the SHE 
potential scale (E = EMSE + 0.674). CV data were measured at different potential 
scan rates from 2 to 200 mV s–1. RDE data were obtained at rotation rates from 
0 to 3000 rev min–1 at v = 10 mV s–1. The current densities were calculated 
using the flat cross-section surface area. The electrolyte solution was saturated 
with Ar (99.9999%, AGA) or molecular O2 (99.999%, AGA). All CV and RDE 
data were statistically treated. EIS data were obtained at fixed electrode 





6. RESULTS AND DISCUSSION 
6.1. Analysis of the physical  
characteristics of the materials 
The first-order Raman spectra was obtained using Nd:YAG laser (λL = 532 nm) 
excitation. Data in Fig. 5 exhibit the two typical distinct bands for disordered 
carbons, the G-band at 1580 cm–1 and the D-band at 1350 cm–1 [70,87,88]. 
The G-peak corresponds to graphite in-plane vibrations with E2g symmetry and 
D-peak is a breathing mode with A1g symmetry activated only in the presence of 
disorder in graphitic structure. The spectrum also shows the second-order peak 
of D-band (2D) at 2700 cm–1. The increase of 2D peak is related to the 
crystallographic ordering of the graphitic structure. Thus, as the chlorination 
temperature increases from 600 to 1000 °C, the C(Mo2C) powder becomes 
more ordered [70]. 
 
 
Figure 5. Raman spectra for Mo2C and C(Mo2C) powders (normalized by the G-peak intensities). 
 
Comparison of XRD data for pristine C(Mo2C) (Fig. 6a) with precursor material 
Mo2C data shows that the reaction has fully terminated and there is no Mo2C, 
MoCl5 and residual chlorine in the studied materials, which is in agreement with 
X-ray fluorescence (XRF), SEM-EDX and XPS data obtained [5,70,98,99,105–
107]. XRD data (Fig. 6a) show that the crystallinity increases with the increase 
of tsynt, however, the medium size of C(Mo2C) crystallites only slightly 
increases with tsynt [70]. XRD data for Pt-C(Mo2C) electrodes are represented in 
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Fig. 6b. Based on the clear XRD reflections for Pt(111), Pt(200), Pt(220), etc. 
[109], it can be concluded that the deposited Pt-nanoparticles have mainly 
crystalline structure. The medium size of Pt-crystallites is smallest for 




Figure 6. XRD patterns for (a) C(Mo2C) carbon supports and (b) C(Mo2C) modified with 
Pt-nanoparticles catalyst (Pt-C(Mo2C)) (without Nafion
® binder), noted in figure. 
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Table 1. Lattice parameter, a, and Pt crystallite size, d, calculated by Scherrer method (Pt(220) 
reflection) from XRD data. 
Parameter/ 
material 
a, nm d, nm 
Pt-C(Mo2C)600 °C 0.392 17.3 
Pt-C(Mo2C)750 °C 0.392 27.22 
Pt-C(Mo2C)800 °C 0.390 5.38 
Pt-C(Mo2C)850 °C 0.391 5.65 
Pt-C(Mo2C)1000 °C 0.392 31.15 
 
The I type of isotherm with H4 type hysteresis (according to IUPAC 
classification [72]) for C(Mo2C)600 °C and the IV type of isotherm with H2 
type hysteresis for other studied C(Mo2C) powders (Fig. 7a, b) were obtained 
from N2 sorption measurements. The data in Table 2 show that the C(Mo2C) 
materials can be divided into 2 groups: amorphous materials with high SBET 
(SBET > 1700 m
2g–1) synthesized at tsynt ≤ 850 °C and more graphitized materials 
with smaller SBET (SBET < 1500 m
2g–1) synthesized at tsynt ≥ 900 °C [70]. 
Increasing tsynt from 800 °C to 1000 °C decreases SBET and Smicro, but noticeably 
increases the mesopore surface area (Smeso). Maximal Smeso, Vtot and mesopore 
volume (Vmeso) for tsynt 600 to 900 °C were established for C(Mo2C)800 °C 
powder. Thus, the pore size distribution data in Fig. 7c indicate that the porosity 
of the C(Mo2C) carbon powders is widely tuneable. 
 
 




Figure 7. N2 adsorption isotherms (a and b) and (c) differential pore volume distribution vs. pore 














































C(Mo2C)600 °C 1940 1810 130 0.93 1.25 0.96 0.29 
C(Mo2C)750 °C 2020 1660 360 0.82 1.83 1.07 0.76 
C(Mo2C)800 °C 1920 1460 460 0.76 1.97 1.09 0.88 
C(Mo2C)850 °C 1790 1440 350 0.80 1.77 1.08 0.69 
C(Mo2C)900 °C 1450 1325 125 0.91 1.64 1.4 0.24 
C(Mo2C)1000 °C 940 260 680 0.28 1.53 0.09 1.44 
C(Vulcan) 240 150 90 0.63 0.83 0.07 0.76 
SBET – specific surface area, Smicro – micropore area, Smeso – mesopore area, Vtot – total pore 
volume, Vmicro – micropore volume, Vmeso – mesopore volume. 
 
HRTEM data (Figs. 8a–b) for morphological studies of the carbons show that 
with the increase of tsynt the carbon structure becomes more graphitised. The 
C(Mo2C) 600°C particles (Fig. 8a) are mainly amorphous and for C(Mo2C) 
800°C (Fig. 8b) clearly ordered graphitic areas can be seen at some surface 
regions. The Pt- and Pt-Ru-nanoparticles are dispersed quite homogenously 
over the C(Mo2C) surface (Fig. 8c–d), however in some areas porous Pt- and 
Pt-Ru-nanoclusters agglomerates are found.[5,98] 
 N2 sorption porosity data (Table 2) and SEM-EDX data (Fig. 9) show that 
electrode materials have hierarchical structure and well-developed open 
(micro)-mesoporosity. EDX data (Tables in Figs. 9a–d) show that there is no 
chemical contamination of C(Mo2C) electrode with residual Cl2 or Mo2Cl5, or 
raw Mo2C. In some areas the binding material Nafion
® filaments (as element F) 
have been observed. EDX data show the small oxygen concentration in 
C(Mo2C) powders, probably existing as functional groups at the surface and 




















Figure 9. SEM-EDX data for material under study, noted in figure, (with 1% Nafion® binder) 




XPS [104] data (Fig. 10) obtained are in good correlation with SEM-EDX data 
(Fig. 9d), and clear reflections for Pt and Ru, O, CF and F (CF and F from 
Nafion® binder) were observed. High resolution spectra for Pt4f configuration 
region (inset in Fig. 10) showed doublet with peaks at about 71.2 eV (Pt4f7/2) 
and 74.6 eV (Pt4f5/2), characteristic of bulk Pt [110]. 
 
 
Figure 10. XPS data for Pt-Ru-C(Mo2C)600 °C catalyst deposited onto GC plate with addition of 
1% Nafion® binder. 
 
 
6.2 Electrochemical characterization  
of C(Mo2C) electrodes 
CV data show that very high cathodic (electroreduction) current densities j 
(presented as capacitance, CCV, in Fig. 11) are established for Ar as well for  
O2-saturated 0.5 M H2SO4 solution within the potential region from 0.6 to 0.2 V 
(vs. SHE). The values of capacitance, CCV, are calculated from j, E-curves, 
using the relation CCV = j/v. The values of CCV are higher for unmodified 
C(Mo2C) electrodes (Fig. 11b) in 0.5 M H2SO4 solution with O2-saturated 
systems than with Ar-saturated (Fig. 11a), especially within the potential region 
from 0.6 to 0.1 V (vs. SHE). The values of j and CCV for C(Mo2C)600 °C are 
seven to ten times higher than for C(Mo2C)1000 °C (at E < 0.7 V (vs. SHE)). 
Thus, the electrocatalytic activity of C(Mo2C) electrode noticeably depends on 
the SBET, Smeso, Smicro and Vmicro values of the carbon powder, determined by the 
tsynt of C(Mo2C) (Table 2). Electrocatalytically the most active materials with 
highest capacitance are the amorphous microporous carbon electrode 







Figure 11 (a, b) 
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Figure 11. Calculated capacitance CCV, E-plots for C(Mo2C) electrodes (noted in figure) (a) in 
Ar-saturated and (b) O2-saturated 0.5 M H2SO4 solution. (c) CCV, E-plots for C(Mo2C)750 °C in 
0.5 M H2SO4 O2-saturated solution at different v (mV s
–1, noted in figure). 
 
For O2-saturated systems, a wide electroreduction current (capacitance) maximum 
in the CCV, E curve (Fig. 11b) can be seen at peak potentials Ered < 0.6 V 
(vs. SHE) for C(Mo2C) electrodes. For C(Mo2C) synthesized at 600 °C < tsynt < 
850 °C, Ered is shifted moderately towards less positive values indicating the 
decrease in catalytic activity with the increase in tsynt. The C(Mo2C)1000 °C has 
a very low positive value of Ered indicating that partially graphitized carbons are 
relatively inactive ORR catalysts. The CCV, E curves (Fig. 11c) measured at 
different potential scan rate for O2-saturated C(Mo2C)750 °C system show that 
within the peak potential area CCV remarkably depends on v. Thus, the 
pseudocapacitive behaviour, i.e. high values of CCV (Fig. 11a, b) calculated at  
E ≤ 0.7 V (vs. SHE), indicates that C(Mo2C)600 °C, C(Mo2C)750 °C and 
C(Mo2C)800 °C could be used as a negatively charged electrode for pseudo-
capacitive supercapacitor with high energy density. 
 Data presented in Fig. 11c show that with the increase of scan rate, Ered shifts 
noticeably towards less positive potential, indicating that there is a slow faradic 
electroreduction reaction of O2 and/or surface oxides with mixed kinetics 
mechanism. There are no clearly visible oxidation peaks near Ered, indicating 
that the overvoltage for carbon surface oxidation reaction is high. Only for most 
active C(Mo2C)600 °C, a wide oxidation peak was observed at Eox  0.5 V 
(vs. SHE) (Fig. 11b), shifted more than 150 mV towards more positive potential 
compared with the Ered. Thus, the surface oxide formation at C(Mo2C) 





Figure 12. RDE data corrected with background current densities (a) for C(Mo2C) electrodes 
(noted in figure) at 3000 rev min–1 in 0.5 M H2SO4 solution. (b) Tafel plots calculated from RDE 






Very high current densities were measured for C(Mo2C)750 °C and 
C(Mo2C)600 °C electrodes (Fig. 12a) using the RDE method. The statistically 
treated RDE data in Fig. 12a show noticeable decrease in ORR current 
densities, jc (corrected for Ar-saturated electrolyte data), and half wave  
potential, E½, (Table 3) for C(Mo2C)900 °C and C(Mo2C)1000 °C, compared 
with the C(Mo2C)800 °C, C(Mo2C)850 °C and C(Mo2C)750 °C. This behaviour 
can be explained by considering that the structure of C(Mo2C)900 °C and 
C(Mo2C)1000 °C is more ordered and less amorphous and has a lower surface 
micro-roughness. 
 






C(Mo2C)600 °C 3.3±0.2 0.33 
C(Mo2C)750 °C 3.2±0.1 0.41 
C(Mo2C)800 °C 2.8±0.2 0.38 
C(Mo2C)850 °C 3.0±0.1 0.31 
C(Mo2C)900 °C 2.3±0.1 0.16 
C(Mo2C)1000 °C 2.3±0.1 0.08 
 
However, in addition to the microporosity-mesoporosity effect, the much higher 
values of jc for C(Mo2C)600 °C and C(Mo2C)750 °C compared with the 
C(Mo2C)1000 °C can also be explained by the more pronounced redox trans-
formation of the electrochemically active surface groups. The value of E½ 
(Table 3) is shifted nearly 330 mV toward more positive potential, demonstrat-
ing the higher catalytic activity of C(Mo2C)750 °C compared with the 
C(Mo2C)1000 °C. It is well established that the defect amorphous areas and the 
edge planes are more active toward ORR compared with the basal C(0001) 
plane [7,19]. Thus, based on the data in Table 3, established values of E½ for 
C(Mo2C)600 °C, C(Mo2C)750 °C and C(Mo2C)800 °C lie within the potential 
region for practical ORR electrodes [7,24,26,38] and materials under study can 
be used for development of PEMFCs.  
The RDE data were analysed using the Koutecky-Levich equation (Eq. 20). 
For C(Mo2C) electrodes, number of electrons transferred (calculated from K-L 
plots) varies from 2.3 (C(Mo2C)1000 °C) to 3.3 (C(Mo2C)600 °C) (Table 3), in 
good agreement with the data for other unmodified CDC electrodes 
[7,19,105,106,108]. The decrease in n with increasing tsynt indicates that the 
amorphous structure combined with well-developed microporosity-meso-
porosity is needed for the reduction of H2O2 to H2O, which is effective only on 
C(Mo2C)600 °C and C(Mo2C)750 °C electrodes.  
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The Tafel (E, log jk) plots were calculated from the value of jk, using linear 
extrapolation of K-L plots with the condition ω–½ → 0. The slope of the Tafel 
plots, b, (Fig. 12b) depends on tsynt as well as on potential applied, i.e. on the ORR 
overvoltage. The Tafel plots are linear within kinetic current densities region  
0.1 ≤ (log jk / A m
–2) ≤ 1.5 and the calculated values of Tafel slope range from  
–125 to –155 mV, depending on the porosity of the electrode material tested. 
EIS data (Fig. 13a,b) demonstrate nearly capacitive behaviour in the low AC 
frequency region, explained by the quick ORR followed by the slow electrical 
double-layer (EDL) formation step, limited by the adsorption rate of ions, 
intermediates and/or reaction products at/inside microporous-mesoporous 
C(Mo2C) electrodes. The high-frequency series resistance is almost independent 
of tsynt. The phase angle, log f- and log |-Z´´|, log f-plots (Fig. 13c) illustrate that 
there is nearly ideal blocking capacitive behaviour (the slope of |-Z´´|, log f-plots 
are lower than –0.96) at f ≤ 10 Hz[5,55,98,105,106,111]. 
 
 






Figure 13. (a) Nyquist plots for C(Mo2C) systems at different E, noted in figure, (b) Cs, log f and 
Cp, log f-plots for C(Mo2C) systems (noted in figure) at 0.374 V (vs. SHE), (c) log(-Z´´),log f-





6.3 Electrochemical characterization of Pt-C(Mo2C) 
electrodes 
Data in Figs. 14a–b indicate that cyclic voltammograms with typical shape were 
obtained for Pt-C(Mo2C) electrodes. The current densities increase quickly in 
two regions, which is explained by the reduction of surface oxides (Fig.14a) and 
ORR (Fig. 14b) at potentials from 1.0 to 0.6 V (vs. SHE) and by the cathodic 
electroreduction of H3O
+-cations and hydrogen adsorption at E < 0.3 V 
(vs. SHE). For Pt-C(Mo2C) electrodes, the so-called EDL region was observed 
in the potential range 0.3 < E < 0.6 V (vs. SHE), which is explained by the 
blocking adsorption of ions on Pt-nanoclusters in Ar-saturated solution 
(Fig. 14a) and by the adsorption of ORR intermediates and ions on 
Pt-nanoclusters in O2-saturated solution (Fig. 14b). The butterfly-shaped 
hydrogen evolution peaks (Fig. 14a) were used for the calculation of the so-
called electrochemically active surface area values (ECA = Qcal/QPt–poly, where 
Qcal is calculated charge required for hydrogen adsorption from the Pt surface 
and QPt–poly = 210 μC cm
–2 corresponds to polycrystalline Pt surface) [28,96,108], 
given in Table 4. Traditionally for porous electrodes, ECA depends somewhat on 
the potential scan rate applied. Based on the collected data, the highest 
electrochemical activity was established for Pt-C(Mo2C) 800 °C and 
Pt-C(Mo2C) 850 °C electrodes. It can be explained by the optimal ratio of 
Smeso/Smicro and Vmeso/Vmicro values [5,70,97–99,105,106], and existence of some 
defected amorphous catalytically active and not very well crystallised carbon 
areas, exposed at the electrode surface. 
Nearly pseudocapacitive behaviour [5,19,97–100,104–108] was established 
for Pt-C(Mo2C) (Fig. 14b) electrodes as the CCV values, calculated for 
O2-saturated systems (Fig. 14b), weakly depend on the potential scan rate, 
especially within the potential region from 0.6 V to 0.3 V (vs. SHE). A weak 
dependence of CCV on v indicates the dominating pseudocapacitive behaviour 
for Pt-C(Mo2C) electrodes. Comparison of CV data for C(Mo2C) (Fig. 11b) and 
Pt-C(Mo2C) (Fig. 14b) electrodes in O2-saturated solutions shows that for  
Pt-C(Mo2C) systems the increase of |j|, that is induced by ORR, is shifted 
towards more positive E, and only slightly higher values of j and CCV (Fig. 14b) 
were obtained within the region E ≤ 0.3 V (vs. SHE), where the hydrogen 
adsorption and evolution is prevalent. 
After correction of the current density values with Ar-saturated solution 
current density data, RDE curves (Fig. 15a) characteristic of mixed kinetic 
processes (within potential range from 0.9 to 0.7 V (vs. SHE)) were observed. A 
diffusion limited process (within potential range from 0.5 to 0.05 V (vs. SHE)) 
were observed and intensive cathodic hydrogen evolution occurs at E ≤ 0.05 
(vs. SHE). RDE data in Fig. 15a show that jc depends on the carbon support 
characteristics, and the highest values of jc were measured for 
Pt-C(Mo2C) 800 °C catalyst. Comparison of the data for C(Mo2C) (Fig. 12a) 
and Pt-C(Mo2C) (Fig. 15a) electrodes demonstrates noticeably higher catalytic 
14
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activity of Pt-C(Mo2C) electrodes. The electrochemical activity of Pt-C(Mo2C) 
electrodes is somewhat higher than for Pt-Vulcan®XC72 electrodes [6–8,24, 
60,106,112,113], explained by the more higher SBET, optimal ratio of Vmicro/Vmeso 
and Smicro/Smeso, as well as by better electrical conductivity of partially 




Figure 14. Calculated capacitance CCV, E-plots for Pt-C(Mo2C) electrodes (noted in figure) in 
0.5 M H2SO4 solution (a) in Ar-saturated and (b) O2-saturated systems, at different v (mV s
–1, 
noted in figure).  
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Figure 15. RDE data corrected with background current densities (a) for Pt-C(Mo2C) electrodes 
(noted in figure) at 3000 rev min–1 in 0.5 M H2SO4 solution. (b) Tafel plots calculated from RDE 





The half-wave potential depends on the microporosity-mesoporosity of the 
carbon support (Table 4). The most positive E½ was established for 
Pt-C(Mo2C)800 °C.  
The linear Levich plots, calculated from the cathodic potential scan direction 
at E < 0.6 V(vs. SHE) for Pt-C(Mo2C), are characteristic of a diffusion limited 
process. The K-L plots, calculated from the cathodic potential scan direction of 
the RDE data for Pt-C(Mo2C) (0.70 < E < 0.90 V (vs. SHE)) electrodes, are 
linear and the intercepts (jk) of the extrapolated K-L plots depends on the 
potential applied. The number of electrons (Table 4) for Pt-C(Mo2C) electrodes, 
calculated from the linear K-L plots, is roughly four and is in good agreement 
with literature data [43,67,114,115]. 
 








Pt-C(Mo2C)600 °C 3.4±0.3 3.3±0.1 0.80 
Pt-C(Mo2C)750 °C 14±1.4 3.7±0.1 0.82 
Pt-C(Mo2C)800 °C 23.9±3.2 3.6±0.1 0.83 
Pt-C(Mo2C)850 °C 29.7±2.1 3.3±0.1 0.81 
Pt-C(Mo2C)1000 °C 7.0±0.3 3.3±0.1 0.82 
 
The Tafel-like plots (log jk, E) (Fig. 15b) suggest that the slope values of Tafel-
like plot, b, slightly depend on the porosity parameters of the support, i.e. on the 
carbon material tsynt. The log jk, E dependences are linear only in a narrow 
potential region and therefore the b value can be calculated only at E > 0.85 V 
(vs. SHE) (low kinetic current density region). The calculated b values  
(–110±10 mV) are practically independent of the electrode studied. The 
calculated b value for Pt-C(Mo2C) electrodes is nearly the same as b values 
obtained for Pt or Ru electrodes [65,66,93,116]. In the lower potential region 
(at higher current densities), the value of b gradually increases for all 
Pt-C(Mo2C) systems, and is comparable to those observed for layered 
Pd electrode deposited onto Pt(111) [44], Pt-Ru alloy and Ru(hklf) electrodes at 
E < 0.75 V (vs. SHE) [42]. The change in b value can be attributed to a change 
from Langmuir mechanism (at low jk [65,66,93,116]) to a more complicated 
ORR mechanism [11,42,44,65,66,98,106,111,116–120] in the high current 
density region. The dependence of the value of b on the potential applied 
indicates that the number of electrons transferred for Pt-C(Mo2C)600 °C and 
Pt-C(Mo2C)800 °C systems depends noticeably on the kinetic current densities 
(Fig. 15b).  
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Impedance data given in Figs. 16a,b show that at low AC frequency f ≤ 1 Hz, 
nearly blocking capacitive behaviour [5,55,98,99,105,106,111] was observed. 
The values of limiting series and parallel capacitance (Fig. 16b) are overlapping 
at f ≤ 0.5 Hz indicating that in addition to PEMFC catalysts, the Pt-C(Mo2C) 











Figure 16. (a) Nyquist plots for Pt-C(Mo2C) systems at different E, noted in figure, (b) 
Cs, log f- and Cp, log f-plots for Pt-C(Mo2C) systems (noted in figure) at 0.374 V (vs. SHE), 






6.4 Electrochemical characterization  
of Pt-Ru-C(Mo2C) electrodes 
CV data measured in Ar- and O2-saturated 0.5 M H2SO4 solution at different v 
are presented in Fig. 17a for Pt-Ru-C(Mo2C)600 °C and in Fig. 17b for 
comparison the corresponding data for C(Vulcan) and Pt-Ru-C(Vulcan) 
electrodes are given. Capacitance CCV, E-curves for Pt-Ru-C(Mo2C)600 °C [5] 
show that similarly to Ru/RuO2 electrode [56,57,121–124], nearly 
pseudocapacitive behaviour was established for Ar- and O2-saturated systems, 
explained by the faradic processes limited by adsorption step rate at very large 
specific surface area electrode. Nearly exponential increase in current density 
(and CCV) was established only at E < 0.1 V (vs. SHE), caused by the cathodic 
hydrogen evolution from acidic 0.5 M H2SO4 solution (Fig. 17a). The lower 
SBET (Table 1) for C(Vulcan) based system is main reason why the current 
densities and capacitance values are lower (Fig. 17b) than for that C(Mo2C) 
based systems within all the potential region studied (Fig. 17a).  
The values of CCV only weakly depend on the potential scan rate applied [5], 
similarly to other microporous-mesoporous carbon electrodes [97,125,126] and 
for Ru/RuO2 system [55–57]. No diffusion limited processes occur in 
Ar-saturated 0.5 M H2SO4 solution. Thus, mainly surface processes (adsorption, 
absorption, partial and faradaic charge transfer) determine the current density 
and electrode capacitance values for stationary electrode (including double layer 
capacitance, Cdl, adsorption capacitance, Cad, and faradaic capacitance, Cfar 
values). Virtually pure pseudocapacitive behaviour is exhibited [55,56,124] at 
more positive potentials than 0.8 V [55–59,121–124] caused by formation of 
RuO2 in a hydrous state. 
The nearly pseudocapacitive behaviour of Pt-Ru-C(Mo2C)600 °C (probably 
obtained mainly by the pseudocapacitive behaviour of RuO2, and supported by 
Cdl and Cad as well) is surprising because the CV data approach nearly 
capacitive behaviour, having almost constant CCV ≥ 0.8 F cm
–2, observed within 
potential range from 0.4 to 0.8 V vs. SHE, albeit with some small but 
discernable maxima (Fig. 5d in [5]) at E = 0.45 (vs. SHE) in reduction curve. 
Thus, the almost constant capacitance arises from the overlap of several redox 
processes with Cfar, Cdl and Cad at Pt-Ru- C(Mo2C)600 °C in the potential range 
under study. For RuO2, three successive redox stages can be recognised that 
involve oxidation states Ru4+, Ru3+ and Ru2+ (even Ru6+ at very high potential 








Figure 17. CVs for (a) Pt-Ru-C(Mo2C)600 °C (Ar-saturated and O2-saturated), and 
(b) Pt-Ru-C(Vulcan) and C(Vulcan) electrodes (O2-saturated) in 0.5 M H2SO4 solution 
at different v (mV s-1), noted in figure.  
 
Thus, nearly reversible redox processes reveal in the CVs (Fig. 17a) and capa-
citance plots for the electrochemically formed RuO2 film on Pt-Ru-C(Mo2C)600 °C 
associated with overlapping the redox processes, probably involving different 
oxidation states of Ru in RuOx. Differently from Pt or Au electrodes 
[16,58,59,61–66,109,112,127,128], the CVs for Pt-Ru-C(Mo2C)600 °C do not 
involve any stage of reduction of RuOx to Ru
0, i.e. to the bare Ru electrode 
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surface similarly to Ru/RuO2 [55]. Of course, in parallel with Cfar, noticeable 
amount of charge is accumulated due to double layer charging of the extended 
microporous-mesoporous carbon, and hydrous oxide surface, as well as 
adsorption capacitance of sulfate or bisulfate anions onto 
Pt-Ru-C(Mo2C)600 °C surface. It has been well established that the adsorbed 
(bi)sulfate anions are blocking O2 adsorption sites and thereby hindering the 
ORR at Pt [65,66] or Ru (RuO2) surface. 
High current densities as well as hysteresis in that case of Pt-Ru-C(Mo2C)600 °C 
electrode are mainly caused by the more expressed microporous-mesoporous 
nature of the C(Mo2C) support (Table 2). Comparison of current densities for 
CDC and C(Vulcan) based electrodes indicates noticeably more active ORR at 
C(Mo2C) and Pt-Ru-C(Mo2C)600 °C) than that at C(Vulcan) or Pt-Ru- 
C(Vulcan) catalysts. The half wave potential for the Pt-Ru-C(Mo2C)600 °C 
electrode is 0.75 V (vs. SHE) (Fig. 18a), which is close to E½ values obtained 
for Pt monolayer on Au(111), Pt0.75Pd0.25 alloy monolayer on Vulcan
® XC72 
support [43] or for Se-Ru-Mo-C electrode [48]. In our case E1/2 is more positive 
than that obtained for Pt-Ru(hklf), Au(hklf), Pt1.5 monolayer+Ru-C, Ru/C [42] 
and Se-Ru catalyst (9% Ru on carbon black, Vulcan® XC72, Cabot Corp.) 
[116]. Thus, the E½ value for Pt-Ru-C(Mo2C)600 °C system is in the region of 
potential for applicable ORR electrodes [118]. 
The slopes of Tafel plots (Fig. 18b) somewhat depend on the electrode 
potential, indicating that in the region of mixed kinetics the number of electrons 
n transferred (Fig. 18b, inset) depends on potential. Based on data in Fig. 18b, 
only at E > 0.70 V (vs. SHE) (low ORR current density region), the value of  
b –109±5 mV dec–1 is comparable or somewhat lower than it is typical for Pt or 
Ru electrodes [40–43]. In the region of higher kinetic current densities (i.e. at 
higher overpotential) the value of b gradually increases and only at E < 0.60 V 
(vs. SHE) it stabilises at –240±10 mV dec–1, comparable to Pd electrodes 
deposited onto Pt(111) [44] or for Pt-Ru alloy and Ru(hklf) electrodes (calcu-
lated at E < 0.75 V (vs. SHE) [43]). The change in b can be attributed to a 
change from Langmuir mechanism [25,118,129–132] to a more complicated 
mixed kinetic ORR mechanism. 
EIS data, given in Fig. 19, show that in the region of high AC frequencies 
(f ≥ 1000 Hz) Pt-Ru-C(Mo2C)600 °C system demonstrates nearly pure resistive 
behaviour, i.e. phase angle θ values are nearly 0°. Only a very small depressed 
semicircle in Nyquist plots can be seen at intermediate AC frequency region 
(500 Hz ≤ f ≤ 10000 Hz). Surprisingly in this region, the Nyquist and Bode 
plots depend weakly on potential applied, but the shape of plots is independent 
of the concentration of oxygen in 0.5 M H2SO4 solution. The Rs values have 
been calculated at f ≥ 3000 Hz and used for ohmic drop correction of CV and 
RDE data. At lower AC frequencies f < 1 Hz, log Z´ and log |Z| values increase 
with the rise of potential, thus, with the decrease of the ORR rate, i.e. ORR 
current. High negative θ values from –82 to –90 at f ≤ 0.1 Hz and the slope 
value from –0.85 to –0.88 (vs. SHE) [5], obtained from log |-Z´´|, log f plots 
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[111] at f ≤ 5 Hz, can be explained by mainly adsorption step limited faradaic 
pseudocapacitive processes at Pt-Ru-C(Mo2C)600 °C electrode, similarly to 
Ru/RuO2 electrode in H2SO4 solution [55–57,121–124]. Surprisingly in these 
regions of AC frequency and potential, the adsorption limited pseudocapacitive 





Figure 18. RDE data corrected with background current densities for ORR on Pt-Ru-C(Mo2C) 
and Pt-Ru-C(Vulcan) in 0.5 M H2SO4 solution (a) at different electrode rotating speeds (rev min
–1), 
noted in figure. (b) Tafel plots calculated from RDE data in 0.5 M H2SO4 solution. Inset: potential 




Figure 19. (a) Nyquist plots for Pt-Ru-C(Mo2C)600 °C at different E, noted in figure, (b) 
Cs, log f- and Cp, log f-plots for Pt-C(Mo2C) systems (noted in figure) at 0.374 V (vs. SHE), 
(c) log(-Z´´),log f-plots in 0.5 M H2SO4 Ar-saturated solution. 
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It should be noted that comparable behaviour of Nyquist and Bode plots for 
mixed RuO2-TiO2 electrodes in 5 M aqueous solution of NaCl (298 K, open 
circuit conditions) has been established by Tilak et al. [132], if RuO2 content is 
higher than 20 wt%, explained by pseudocapacitive behaviour of RuO2 at lower 
AC frequencies f < 0.5 Hz. These results show that added TiO2 intimately 
influences RuO2-TiO2 pseudocapacitive behaviour [55,115,132,133]. 
Very high values of series capacitance Cs (f  0) and parallel capacitance 
Cp, (f  0) calculated from Nyquist plots have been obtained (Fig. 19b). At 
f  0, Cs, log f- and Cp, log f-dependencies overlap, indicating nearly so called 
blocking capacitive electrode behaviour [70,71,97,111,126,134–136]. The 
values of Cs and Cp increase noticeably with the decrease in the potential 
applied. The values of Cs and Cp are somewhat higher than those obtained for 
C(Mo2C) electrode in neutral Na2SO4 or H2SO4 aqueous solution. Thus, in 
addition to PEMFC electrodes, these electrodes can be used as pseudocapacitive 
electrodes in hybrid H2SO4 electrolyte based supercapacitors [136–138] for 
peak power generation regime in combined electrochemical devise. 
The hydrogen evolution (limited by Volmer reaction, i.e. by the rate of 
adsorption step of hydrogen) [138] occurs at Pt-Ru-C(Mo2C)600 °C, at 
E < 0.3 V (vs. SHE).  
However, for separation of electrical double layer formation, specific 
   
  (or     
 ) ion adsorption [139], ORR and hydrogen evolution processes, 
the experimental studies in solutions with different anion chemical composition 
and pH are inevitable.  
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7. SUMMARY 
In this thesis the oxygen electroreduction (ORR) on different carbon and Pt and 
Pt based binary catalysts deposited onto carbon support has been studied. The 
kinetic parameters for ORR have been determined. 
The main aim of this work was to study the influence of the micro- and 
mesoporosity, pore size distribution and crystallinity (amount of amorphous and 
graphitic layers) of different carbide-derived carbon (CDC) materials on the 
ORR kinetics. The CDC materials were prepared from Mo2C (noted as 
C(Mo2C)) at six different chlorination temperatures (tsynt) from 600 °C to 
1000 °C. Pt-nanoclusters and Pt-Ru alloy nanoparticles were deposited 
onto/into C(Mo2C) powders using sodium borohydride reduction method. 
All electrochemical studies were made in 0.5 M H2SO4 solution using the 
cyclic voltammetry (CV), rotating disk electrode (RDE) and the electrochemical 
impedance spectroscopy (EIS) methods.  
Raman spectroscopy, X-ray diffraction, high-resolution transmission 
electron microscopy, selected-area electron diffraction and the electron energy 
loss spectroscopy methods were applied for the structural and morphological 
characterization, and the nitrogen sorption method was used for the porosity 
analysis. The morphology, specific surface area (SBET), microporosity-meso-
porosity and electrical conductivity of the materials studied noticeably depend 
on tsynt applied for production of CDC. Based on the very high kinetic current 
densities measured for the C(Mo2C) material synthesized at tsynt 750, 800 and 
850 °C, it can be concluded that these supports have the optimal micro- and 
mesoporous structure for ORR. 
The cathodic current densities and half-wave potentials strongly depend on 
tsynt and the porosity of C(Mo2C). Thus, the comparison of different C(Mo2C) 
supports indicates that, in addition to the high SBET, the crystallinity and 
morphology of the carbon particles noticeably influence the rate of ORR. This 
is apparent in the case of 600 °C ≤ tsynt ≤ 850 °C, where the difference in SBET is 
negligible, however the electrochemical properties widely vary. The number of 
electrons transferred per electroreduction of one molecule of O2 (2.3 ≤ n ≤ 3.3) 
depends noticeably on the microporosity-mesoporosity and structure of the 
C(Mo2C) electrode, indicating that the reaction kinetics depends on the 
properties of the porous carbon powder studied. 
EIS data demonstrate nearly capacitive behaviour for C(Mo2C) electrodes in 
the low AC frequency region, which could be explained by the quick cathodic 
ORR followed by a slow adsorption step of ions and intermediates at/inside the 
microporous-mesoporous C(Mo2C).  
The results of this study indicate that the size of the deposited Pt-nano-
clusters depends on the porosity and crystallinity parameters of the C(Mo2C) 
support.  
Very high values of ORR current density were calculated for 
Pt-C(Mo2C)800 °C. The number of electrons transferred, calculated from linear 
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Koutecky-Levich plots, varies from 3.3 to 3.7. Thus, the so called ‘direct’ four 
electron process mechanism, however, with some deviations, was observed. The 
electrochemically active surface area, calculated from CV data within the H3O
+
 





Pt-C(Mo2C)750 °C, Pt-C(Mo2C)800 °C and Pt-C(Mo2C)850 °C compared with 
Pt-C(Mo2C)600 °C indicates that in addition to high SBET for the 
C(Mo2C)600 °C electrode, the optimal ratio of mesoporosity and microporosity, 
as it was found for the C(Mo2C)750 °C and C(Mo2C)800 °C electrodes, is 
required for very quick electroreduction of O2 to H2O in order to avoid 
noticeable accumulation of H2O2 into the Pt-(Mo2C) catalyst.  
However, the EIS data demonstrate the pseudocapacitive behaviour of the 
Pt-C(Mo2C) electrodes, which could be explained by the slow limiting 
adsorption step of the ions and intermediates (mainly H2O2) at/inside the Pt-
C(Mo2C) electrodes.    
CV and rotating RDE data show very high cathodic oxygen electroreduction 
and double layer charging current densities for the Pt-Ru-C(Mo2C)600 °C 
catalyst. For Pt-Ru-C(Vulcan) electrode somewhat lower ORR kinetic current 
densities were calculated. The number of electrons transferred per one O2 
molecule (4) is in good agreement with the literature data. 
Analysis of EIS data shows that, similarly to the Ru/RuO2 system in H2SO4 
aqueous solution, the nearly pseudocapacitive behaviour within the very low 
AC frequency region was observed, which is probably caused by the very quick 
cathodic electroreduction processes (RuO2 reduction and ORR as well as 
underpotential deposition of hydrogen, remarkable only at E < 0.34 (vs. SHE)), 
and by specific adsorption of the ions and reaction intermediates at the 
Pt-Ru-C(Mo2C) catalyst. The values of the very high series capacitance (Cs) and 
parallel capacitance (Cp) were established at E = 0.15 V (vs. SHE). Cs and Cp 
noticeably decrease with the rise of the electrode potential (i.e. with the 
decrease in RuO2 electroreduction rate), indicating that both Cs and Cp are 
influenced by the faradaic pseudocapacitance.  
Therefore, in addition to applicability in polymer electrolyte membrane fuel 
cells as ORR cathodes, the Pt-Ru-C(Mo2C) systems are also interesting 
materials for pseudocapacitive (i.e. for hybrid supercapacitor) systems or for 
bifunctional electrochemical power sources combining the properties of the fuel 
cell and supercapacitor subsystems.  
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9. SUMMARY IN ESTONIAN 
Hapniku elektroredutseerumisreaktsiooni uurimine molübdeenkarbiidist 
pärineval modifitseerimata ja modifitseeritud süsinikul ning sünteesitud 
materjalide elektrokeemiline ja füüsikaline karakteriseerimine 
Polümeerelektrolüütmembraan-kütuseelement (PEMFC) on paljutõotavaks 
energiaallikaks portatiivsetes ja statsionaarsetes seadmetes. PEMFC on kõrge 
kasuteguri ja madala keskkonnareostusega ning töötab suhteliselt madalatel 
temperatuuridel. PEMFC efektiivsust enim piiravaks teguriks on hapniku 
redutseerumise reaktsiooni (ORR) aeglus katoodil. Seetõttu on paljud uurimus-
tööd suunatud uute ORR katalüsaatorite arendamisele. ORR katoodse ülepinge 
vähendamiseks on erinevaid süsinikmaterjale aktiveeritud plaatina, plaatina-
ruteeniumi ja teiste Pt-metallide sulamite ning d-metallide (Ni, Co, Fe, Cr) 
nanoklastritega. 
Käesoleva töö eesmärgiks oli uurida Pt ja Pt-Ru sulamist katalüsaatorite 
alusmaterjali omaduste mõju ORR kineetikale 0,5 M H2SO4 vesilahuses. 
Katalüsaatori nanoosakeste kandjana kasutati Mo2C pulbrist kuuel 
kloreerimistemperatuuril vahemikus 600 kuni 1000 °C sünteesitud mikro-meso-
poorset süsinikmaterjali. Tulemusi võrreldi kommertsiaalsest süsinikkandjast 
Vulcan
®
 XC72 valmistatud elektroodi andmetega.  
Uuritud materjalide füüsikaliseks karakteriseerimiseks kasutati röntgen-
struktuuranalüüsi, röntgenfotoelektronspektroskoopia, Raman spektroskoopia jt 
meetodeid. Materjalide morfoloogia ja süsiniku elektronkonfiguratsiooni määra-
miseks kasutati kõrglahutusega transmissioon-elektronmikroskoopiat (HRTEM) 
koos elektronide energiakao spektroskoopia ja valitud alalt elektronide difrakt-
siooni meetoditega. Pinna topograafia uurimiseks rakendati skaneerivat 
elektronmikroskoopiat. HRTEM analüüs näitas, et Pt ja Pt-Ru nanoosakesed 
moodustavad pinnal aglomeraate ning sadenemine süsinikust alusmaterjali 
pinnale on toimunud ühtlaselt. Materjali poorsus ja eripind määrati lämmastiku 
adsorptsiooni mõõtmistest ning tulemustest järeldus, et sünteesitemperatuur 
mõjutab oluliselt materjalide eripinda ning poorijaotust. 
Elektrokeemiliseks karakteriseerimiseks kasutati tsüklilise voltampero-
meetria, pöörleva ketaselektroodi ja elektrokeemilise impedantsi spektroskoopia 
meetodeid.  
Tsüklilise voltamperomeetria ja pöörleva ketaselektroodi meetodil mõõdetud 
andmetest tuleneb, et Mo2C-st sünteesitud modifitseerimata süsiniku elektro-
keemiline aktiivsus on palju suurem kui kommertsiaalsel Vulcan
®
 XC72 
süsinikul. Leiti, et Koutecky-Levich’i meetodil arvutatud üleminevate elekt-
ronide arv (2.3 ≤ n ≤ 3.3) sõltub süsinikmaterjali mikro-mesopoorsusest ja 
struktuurist. Lisaks leiti, et süsinikmaterjali suur eripind, kristallilisus ja morfo-
loogia mõjutavad oluliselt ORR kineetikat, isegi kui erineval temperatuuril 
(vahemikus 600 °C ≤ tsynt ≤ 850 °C) sünteesitud süsinikmaterjalide eripindade 
erinevus on väike. Katalüütilise aktiivsuse tõstmiseks modifitseeriti karbiidset 
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päritolu mikro-mesopoorset süsinikku plaatina nanoosakestega boorhüdriidiga 
redutseerimise meetodil. Elektrokeemilistest mõõtmistest võib järeldada, et 
süsinikkandjale sadestatud Pt-nanoosakese suurus sõltub oluliselt alusmaterjali 
miko-mesopoorsusest ja kristallilisusest. Pöörleva ketaselektroodi meetodil 
mõõdetud andmetest järeldub, et Pt-C(Mo2C)800 °C elektroodil on kõige kõrge-
mad katoodse voolutiheduse väärtused. Koutecky-Levich’i meetodil arvutatud 
üleminevate elektronide arv varieerub vahemikus 3.3 kuni 3.7 ja on kooskõlas 
kirjanduse andmetega. Tsüklilise voltamperomeetria andmetest arvutati 





Pt-C(Mo2C)750 °C, Pt-C(Mo2C)800 °C ja Pt-C(Mo2C)850 °C elektroodide 
korral.  
Tsüklilise voltamperomeetria ja pöörleva ketaselektroodi meetoditel mõõde-
tud andmetest Pt-Ru-C(Mo2C) 600 °C katalüsaatori materjali kohta võib järel-
dada, et mõõdetud ORR ja elektrilise kaksikkihi voolutiheduse väärtused on 
väga kõrged. Koutecky-Levich’i meetodil arvutatud üleminevate elektronide 
arv on ligikaudu 4. 
Elektrokeemilise impedantsspektroskoopia andmetest leitud suured paralleel- 
ja järjestikmahtuvused annavad põhjendatud lootust, et plaatina ja ruteeniumiga 
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